INTRODUCTION:
In 1853, Sydney Whiting wrote in his classic Memoirs of a Stomach, "…and between myself and that individual Mr. Brain, there was established a double set of electrical wires, by which means I could, with the greatest ease and rapidity, tell him all the occurrences of the day as they arrived, and he also could impart to me his own feelings and impressions." Historically, it is known that the gut must communicate with the brain, but the underlying neural circuits and transmitters mediating gut-brain sensory transduction still remain unknown. In the gut, there is a single layer of epithelial cells separating the lumen from the underlying tissue. Dispersed within this layer reside electrically excitable cells termed enteroendocrine cells, which sense ingested nutrients and microbial metabolites. Like taste or olfactory receptor cells, enteroendocrine cells fire action potentials in the presence of stimuli. However, unlike other sensory epithelial cells, no synaptic link between enteroendocrine cells and a cranial nerve has been described. The cells are thought to act on nerves only indirectly through the slow endocrine action of hormones, like cholecystokinin. Despite its role in satiety, circulating concentrations of cholecystokinin peak only several minutes after food is ingested and often after the meal has ended. Such a discrepancy suggests that the brain perceives gut sensory cues through faster neuronal signaling. Using a mouse model, we sought to identify the underpinnings of this neural circuit that transduces a sense from gut to brain.
RATIONALE: Our understanding of brain neural circuits is being propelled forward by the emergence of molecular tools that have high topographical and temporal precision. We adapted them for use in the gut. Singlecell quantitative real-time polymerase chain reaction and single-cell Western blot enabled the assessment of synaptic proteins. A monosynaptic rabies virus revealed the neural circuit's synapse. The neural circuit was recapitulated in vitro by using nodose neurons cocultured with either minigut organoids or purified enteroendocrine cells. This system, coupled to optogenetics and whole-cell patchclamp recording, served to determine the speed of transduction. Whole-nerve electrophysiology, along with optical excitation and silencing, helped to uncover the neurotransmission properties of the circuit in vivo. The underlying neurotransmitter was revealed by using receptor pharmacology and a fluorescent reporter called iGluSnFR.
RESULTS: Single-cell analyses showed that a subset of enteroendocrine cells contains presynaptic adhesion proteins, including some necessary for synaptic adhesion. Monosynaptic rabies tracing revealed that enteroendocrine cells synapse with vagal nodose neurons. This neuroepithelial circuit connects the intestinal lumen with the brainstem in one synapse. In coculture, this connection was sufficient to transduce a sugar stimulus from enteroendocrine cells to vagal neurons. Optogenetic activation of enteroendocrine cells elicited excitatory postsynaptic potentials in connected nodose neurons within milliseconds. In vivo recordings showed that enteroendocrine cells are indeed necessary and sufficient to transduce a sugar stimulus to the vagus. By using iGluSnFR, we found that enteroendocrine cells synthesize the neurotransmitter glutamate, and pharmacological inactivation of cholecystokinin and glutamate receptors revealed that these cells use glutamate as a neurotransmitter to transduce fast, sensory signals to vagal neurons.
CONCLUSION:
We identified a type of gut sensory epithelial cell that synapses with vagal neurons. This cell has been referred to as the gut endocrine cell, but its ability to form a neuroepithelial circuit calls for a new name. We term this gut epithelial cell that forms synapses the neuropod cell. By synapsing with the vagus nerve, neuropod cells connect the gut lumen to the brainstem. Neuropod cells transduce sensory stimuli from sugars in milliseconds by using glutamate as a neurotransmitter. The neural circuit they form gives the gut the rapidity to tell the brain of all the occurrences of the day, so that he, too, can make sense of what we eat. The brain is thought to sense gut stimuli only via the passive release of hormones. This is because no connection has been described between the vagus and the putative gut epithelial sensor cell-the enteroendocrine cell. However, these electrically excitable cells contain several features of epithelial transducers. Using a mouse model, we found that enteroendocrine cells synapse with vagal neurons to transduce gut luminal signals in milliseconds by using glutamate as a neurotransmitter. These synaptically connected enteroendocrine cells are referred to henceforth as neuropod cells. The neuroepithelial circuit they form connects the intestinal lumen to the brainstem in one synapse, opening a physical conduit for the brain to sense gut stimuli with the temporal precision and topographical resolution of a synapse.
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W hereas touch, sight, sound, scent, and taste are transduced to the brain by innervated epithelial sensor cells (1), perception of gut stimuli is thought to occur only indirectly, through the slow action of hormones (2) . The putative gut epithelial sensor cells-enteroendocrine cells-are assumed to lack synapses with the cranial nerve that innervates the viscera-the vagus (3) .
Coined in the 1930s (4), the term enteroendocrine is rooted in the notion that nutrients stimulate the release of hormones. These neuropeptides either enter the bloodstream or act on nearby nerves minutes to hours after ingesting a meal (5) . But enteroendocrine cells have several features of epithelial transducers: They have mechanical (6), olfactory (7) , and taste (8) receptors; their membranes contain voltage-gated ion channels that render them electrically excitable (9); and they are capable of forming synapses (10) . Almost two-thirds of enteroendocrine cells synapse with adjacent nerves in the intestinal and colonic mucosa (10) . Similar features have been confirmed in a subset of colonic enteroendocrine cells known as enterochromaffin (11) . Therefore, we hypothesized that enteroendocrine cells synapse with the vagus to transduce a sense from gut to brain.
Innervated epithelial sensors in the gut
Using mass spectroscopy (see methods and table S1), we confirmed that enteroendocrine cells express multiple neuropeptides (12, 13) , including both cholecystokinin (CCK) and peptide YY (PYY). Thus, we identified these cells using CCK and PYY. In the mouse small intestine and colon, enteroendocrine cells contacted sensory nerve fibers (Fig. 1, A to C) . About one in five CCKexpressing enteroendocrine (CCK-enteroendocrine) cells contacted Pgp9.5 sensory nerve fibers that express green fluorescent protein (Pgp9.5GFP nerve fibers) (18.9 ± 2.0% SEM, >100 cells per mouse, n = 3 mice) (Fig. 1B) . CCK-enteroendocrine cells immunoreact with an antibody against the presynaptic protein synapsin-1 (Fig. 1D) , showing that these connections have synaptic features. Furthermore, using single-cell Western blot, we found that 83% of enteroendocrine cells contain synapsin-1 (164 of 198 CckGFP cells analyzed) ( fig. S1 ). Compared with other intestinal epithelial cells, purified CCK-enteroendocrine cells express the synaptic adhesion genes Efnb2, Lrrtm2, Lrrc4, and Nrxn2 (Fig. 1E) , showing that these epithelial sensors have the machinery to form synapses.
From gut lumen to brainstem in one synapse
To determine the source of neurons synapsing with enteroendocrine cells, we used a modified rabies virus (DG-rabies-GFP) (10). This rabies virus infects neurons but lacks the G glycoprotein necessary for transsynaptic spread ( Fig. 2A) (14) . In intestinal organoids, rabies prefers to infect enteroendocrine cells over other epithelial cells ( fig. S2A ). In the mouse, when introduced into the lumen of the colon by enema, almost 9 out of 10 infected cells are PYY-enteroendocrine cells (87.8 ± 2.4% SEM, n = 5 mice) ( Fig. 2B) (10) . The lack of fluorescence in the underlying mucosa shows that, in the absence of its G glycoprotein, the rabies virus does not spread beyond infected enteroendocrine cells.
To trace the neural circuit, we bred a mouse (strain PyyCRE_rabG-TvA) in which enteroendocrine cells express the G glycoprotein (rabG) (Fig.   2C ). In these mice, rabies delivered by enema infects enteroendocrine cells and spreads through synapses onto nerves. Some of the nerve fibers can be traced to vagal nodose neurons (control group: 0 positive out of 3 PyyCRE_tdTomato mice; experimental group: 4 positive out of 5 PyyCRE_rabG-TvA mice). Furthermore, an enema of the chemical tracer dye Fast Blue labeled both nodose ganglia, confirming that the vagus indeed innervates the distal colon (15) . In control experiments in which the right cervical vagus was severed, the Fast Blue enema labeled the left (intact) but not the right (vagotomized) nodose ( fig. S3 ).
Because DG-rabies-GFP can infect any neuronal cell it contacts, we restricted its entrance to enteroendocrine cells only by using an EnvAcoated rabies (EnvA-DG-rabies-GFP) ( TvA receptor. Therefore, EnvA-DG-rabies-GFP only infects cells that express the TvA receptor. In the PyyCRE_rabG-TvA mouse, PYYenteroendocrine cells express the TvA receptor, and an enema of EnvA-DG-rabies-GFP infects enteroendocrine cells exclusively. Then, it spreads to synaptically connected neurons. Of a total of nine mice, five had visible infection of nerve fibers in the colon (Fig. 2D) , and two of those five had visible infection in the vagal nodose ( Fig. 2E and movie S1; confirmed in vitro in fig. S4 ). Labeled fibers were also observed in the dorsal root ganglia of four out of the five infected mice ( fig. S5 ). No infection of nerves was observed in littermate controls that lack CRE recombinase (n = 5 mice).
3 of 8 Delivering the virus by oral gavage into CckCRE_rabG-TvA mice yielded similar results ( fig. S5 ). In these mice, labeled vagal nodose neurons projected upstream into the nucleus tractus solitarius of the brainstem (Fig. 2F) . Monosynaptic rabies tracing shows a neural circuit linking the small intestine or colon lumen to the brainstem in one synapse.
A gut-brain neural circuit in a dish
In coculture, vagal nodose neurons clearly extended axons to enteroendocrine cells of intestinal organoids ( fig. S4A and movie S2) . We traced this neural circuit in vitro using EnvA-DG-rabies-GFP to confirm that synapses are formed. To ensure that only infected neurons spread EnvA-DGrabies-GFP, nodose neurons were incubated with virus before coculture with organoids. In control experiments, EnvA-DG-rabies-GFP did not infect wild-type nodose neurons ( fig. S4B ). However, EnvA-DG-rabies-GFP infected vagal nodose neurons that express the TvA receptor (Phox2bCRE_ rabG-TvA). Forty-eight to 72 hours after coculture, the virus spread onto enteroendocrine cells in intestinal organoids, demonstrating synaptic connection in vitro ( fig. S4C ).
Transduction of a sense from gut to brain
We tested the function of this neuroepithelial circuit using luminal stimuli and whole-nerve electrophysiology. The initial stimulus used was Ensure-a whole-nutrient solution. Luminal Ensure stimulated an increase in vagal firing rate (Fig. 3, A to C) . Next, we focused on a distinctive nutrient, sugar. When ingested, sugar is sensed in the duodenum, but it is unclear whether this stimulus is sensed by the vagus directly or transduced via enteroendocrine cells (16) . In wildtype mice, perfusing the sugar sucrose (100 to 300 mM) significantly increased vagal firing rate over baseline (Fig. 3, B and C, and fig. S6 ). D-Glucose (150 mM), but not fructose (150 mM), had the same effect. No effect was observed when the vagus was severed ( fig. S7 ), when hyperosmolar phosphate-buffered saline was perfused (700 mosmol), or when sucrose was applied intraperitoneally (300 mM) ( fig. S8 ). The vagal response was abolished when sucrose was perfused with phloridzin, a blocker of the electrogenic glucose transporter SGLT1 (17) (Fig. 3 , B and C). A transcription profile showed that, unlike vagal nodose neurons, CCK-enteroendocrine cells express Sglt1, suggesting that the stimulus is transduced by the epithelial cells (Fig. 3D) . Evidence gathered on dissociated colonic enteroendocrine cells, and the enteroendocrine-like cell line STC1, has shown that enteroendocrine cells sense glucose (18) . We therefore packaged a rabies virus to carry the calcium reporter GCaMP6s (DG-rabies-GCaMP6s) and used it to infect enteroendocrine cells in intestinal organoids. When presented with D-glucose (10 mM), calcium transients were elicited in CCK-enteroendocrine cells (56.0 ± 20.0% of the KCl control response; n = 3 cells) ( fig. S2, B to D) . One previous report found that rat nodose neurons respond to glucose (19) . However, in contrast with enteroendocrine cells, vagal neurons are unlikely to face steep changes in glucose concentrations because they do not contact the intestinal lumen (20) . We therefore measured calcium transients in dissociated nodose neurons and found that D-glucose (10 mM) did not elicit a response ( fig. S9, A and B) (n = 246 cells pooled from three mice).
To discard the possibility that only nodose neurons innervating the intestine may sense glucose, we retrotraced them by injecting Fast Blue dye into the duodenum ( fig. S9C ). In Fast Blue-labeled vagal neurons, no calcium response was observed in the presence of D-glucose (20 mM) ( fig. S9C) . Furthermore, neither excitatory currents nor action potentials were observed in the presence of a D-glucose (10 to 20 mM) stimulus using patch-clamp electrophysiology (Fig. 3, E  and F) . Current injection demonstrated that these cultured nodose neurons were functionally viable (inset of Fig. 3F ). We then cocultured vagal nodose neurons with intestinal enteroendocrine cells (10) . After 48 to 72 hours, there were visible connections between neurons and enteroendocrine cells (Fig.  3G) . Coculturing did not alter the resting membrane potential, the current, or the spike threshold of the vagal nodose neurons. However, a D-glucose (10 mM) stimulus now evoked excitatory postsynaptic currents (EPSCs) and action potentials in those neurons connected to enteroendocrine cells (Fig. 3H) . In voltage-clamp mode, the average current of the EPSCs was 61.65 ± 15.21 pA, and the average frequency was 0.86 ± 0.17 Hz (n = 6 neurons connected to enteroendocrine cells). In current-clamp mode, this in vitro connection was sufficient to elicit action potentials in the connected neurons (average of 2 ± 0.32 action potentials, n = 5 neurons connected to enteroendocrine cells).
Synaptic speed and specificity
Two recent reports have shown that hypothalamic neurons controlling food intake are inhibited by nutrients within seconds of the nutrients entering the duodenum (21, 22) . Therefore, it is likely that enteroendocrine cells transduce sensory signals from nutrients at a much faster rate than previously thought possible. To test the speed of transduction, we bred a mouse (strain CckCRE_ChR2-tdTomato) in which enteroendocrine cells express channelrhodopsin 2 (ChR2) -an excitatory light-gated ion channel activated by 473-nm light (Fig. 4, A and B) . A 473-nm stimulus applied to these cells elicited excitatory currents and significantly reduced food intake by the mice, showing functional expression of the channel ( fig. S10 ) (see methods).
Vagal firing rate is significantly increased when a 473-nm laser stimulus is applied to the duodenal lumen of CckCRE_ChR2 mice. No response was observed in wild-type controls (Fig. 4, C and D; for laser-activation controls, see fig. S11 ). The firing rate increased rapidly after laser stimulation, reaching its peak, on average, in 72.7 ± 20.9 s (fig. S12 ). In vitro, vagal nodose neurons cultured alone did not respond to photostimulation. To determine the precise transduction speed, we cocultured them with CckCRE_ChR2 enteroendocrine cells (Fig. 4E) . In vagal nodose neurons connected to enteroendocrine cells, a 470-nm photostimulus elicited EPSCs within 60 to 800 ms (n = 9 pairs) (Fig. 4F) .
To test the specificity of transduction, we bred a mouse (CckCRE_Halo-YFP) in which intestinal enteroendocrine cells express the light-inhibitory channel eNpHR3.0 (halorhodopsin)-an inhibitory light-gated ion channel activated by 532-nm light (Fig. 4 , G and H)-and yellow fluorescent protein (YFP). In these mice, luminal sucrose (300 mM) elicited a vagal response; however, when a 532-nm laser stimulus was presented along with the sucrose, vagal activity was abolished (Fig. 4, I and J; for laser activation controls, see fig. S13 ). In control wild-type mice, a 532-nm laser stimulus failed to attenuate the sucrose response. These data revealed that enteroendocrine cells are necessary and sufficient to transduce a glucose stimulus onto vagal neurons within milliseconds.
The neurotransmitter
The possibility exists that innervated enteroendocrine cells could use a classic neurotransmitter to transduce the above-described sensory signals. Other sensory epithelial transducers-including photoreceptors (23) , auditory hair cells (24) , Merkel cells (25) , and olfactory receptor cells (26)-use vesicular glutamate as a neurotransmitter. Thus, we hypothesized that enteroendocrine cells use glutamate as a neurotransmitter as well. We found that intestinal enteroendocrine cells express significant quantities of the transcript for the vesicular glutamate transporter 1 protein (VGLUT1) (Fig. 5, A and B) . In a transgenic Vglut1CRE_YFP mouse, fluorescence was observed in distinct intestinal epithelial cells that resemble enteroendocrine cells, and almost 4 in 10 of those fluorescent cells costained for CCK (38.80 ± 2.53% SEM, 100 cells per mouse, n = 3 mice). Moreover, vagal nodose neurons express at least eight glutamate receptors ( fig. S14) .
To test whether enteroendocrine cells release glutamate, we used the sniffer protein iGluSnFR. This membrane-bound protein fluoresces green in the presence of glutamate (27) . Transfected iGluSnFR-HEK (human embryonic kidney) cells did not respond to a D-glucose (40 mM) stimulus but did respond to glutamate (100 mM) ( fig. S15) . We then cocultured iGluSnFR-HEK cells with Tomato-expressing enteroendocrine cells (CckCRE_tdTomato) (Fig. 5C ). This time, when presented with a D-glucose stimulus (40 mM), iGluSnFR-HEK cells fluoresced green (n = 3 cultures; Fig. 5D ), indicating that enteroendocrine cells release glutamate. Then, we cocultured CckCRE_ChR2 enteroendocrine cells with vagal neurons to determine if glutamate serves as a neurotransmitter in this synapse. In connected neurons, a 470-nm stimulus elicited EPSCs that were abolished by adding kynurenic acid (3 mM), an ionotropic glutamate-receptor Kaelberer et al., Science 361, eaat5236 (2018) 21 September 2018
6 of 8 blocker (Fig. 5, E and F) . The response was recovered once the blocker was washed away (n = 4 neurons connected to enteroendocrine cells) (Fig. 5F ).
Hormone versus neurotransmitter
In a transgenic mouse in which VGLUT1-enteroendocrine cells express ChR2 (Vglut1CRE_ ChR2-YFP), a luminal laser stimulus of 473-nm significantly increased vagal firing rate ( fig. S16) . The amplitude and timing of the peak response was comparable to the CckCRE_ChR2 experiments (figs. S12 and S16). The same laser stimulus applied to the subdiaphragmatic or cervical vagus did not alter firing rate ( fig. S17) . However, the response was abolished when the 473-nm laser was presented along with a cocktail of glutamate-receptor blockers [metabotropic blocker AP-3 (1 mg per kg of body weight) with ionotropic blocker kynurenic acid (150 mg/kg)] (fig. S16 ). These data revealed a type of enteroendocrine cell that uses glutamate to drive vagal firing. Next, we compared the respective contributions of CCK and glutamate to vagal firing. The peak vagal firing rate elicited by a sucrose stimulus was not affected when the CCK-A receptor was blocked with devazepide (2 mg/kg) (Fig. 6 , A and C). In control experiments, the same dose of devazepide fully blocked the vagal response to luminal CCK ( fig. S18 ). Although the peak response and time to peak were not altered by devazepide, the length of the response was attenuated after 120 s (Fig. 6 , A, C, and D; and figs. S18 and S19), suggesting that it takes minutes for released CCK to stimulate vagal firing. By contrast, blocking both ionotropic and metabotropic glutamate receptors attenuated the speed, peak, and magnitude of the vagal response to sucrose (Fig. 6, C and D, and fig. S19 ). Indeed, the first 60 s of the vagal response to sucrose was suppressed by the ionotropic blocker kynurenic acid alone (Fig. 6B and fig. S20 ), delaying the time to peak to around 180 s (Fig. 6D and fig. S18C ). These data revealed that synaptic glutamate is used by an epithelial sensor cell in the gut to rapidly transduce luminal stimuli to the central nervous system.
The neuropod cells
In recent years, enteroendocrine cells have emerged as sensors of mechanical, chemical, and bacterial signals in the gastrointestinal tract (2, 3) . However, their transducer properties have been obscured by their name. By synapsing with the vagus, these sensor cells provide a neuroepithelial circuit for fast sensory transduction. As such, we see the need for a new name to refer to gut sensory epithelial cells that synapse with nerves. We refer to these cells as neuropod cells. We hypothesize that the gut-brain neural circuit formed by neuropod cells and vagal nodose neurons could lead to the following possibilities: (i) rapid computation of stimuli to distinguish their physical (e.g., volume) versus chemical (e.g., calorie) properties; (ii) precise sensory representation of specific gastrointestinal regions; (iii) localized plasticity encoded within the neural circuit; and (iv) timely vagal efferent feedback to modulate gastrointestinal sensory function. Like other sensory transducers, neuropod cells use synaptic signals to help the brain make sense of the food we eat.
Materials and methods summary Animals
Mouse care and experiments were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee at Duke University Medical Center under the protocol A009-16-01. Mice were housed in the Duke University animal facilities, where they were kept on a 12-hour light-dark cycle. They received food and water ad libitum. The specific strains can be found in the supplemental methods.
Rabies production and tracing G-deleted rabies virus production was performed in house as described in Wickersham et. al (28) . For colon monosynaptic tracing, P1 mice were given an enema of EnvA-DG-rabies-GFP (5.9 × 10 9 ffu/ml). For small intestine monosynaptic tracing, P1 mice were given a gavage of DGrabies-GFP (9.8 × 10 8 ffu/ml). Mice were sacrificed 7 days after exposure at P8. Harvested tissue was fixed in 4% PFA then treated with serial sucrose solutions. Ganglia were whole-mount imaged with a multiphoton microscopy system (Bruker Ultima IV with a Chameleon Vision II tunable laser). All other tissue was frozen in OCT blocks and sectioned for immunohistochemistry.
Organoid culture
Organoids were cultured using a protocol adapted from Sato et al. 2009 (29) . Isolated crypts were resuspended in Matrigel (Corning #356231) and plated 50 µl per well in a 24-well plate in organoid media. Organoid media contains 1x Glutamax, 10 10mM HEPES, 200 U/ml Penicillin-Streptomycin, 1× N2 supplement, 1× B27 supplement, 0.25 ng/ml EGF, 50 ng/ml Noggin, and 100 ng/ml r-Spondin in Advanced DMEM/f12.
Enteroendocrine cell and nodose neuron coculture
Enteroendocrine cells of CckGFP and CckCRE_ ChR2-tdTomato small intestines were isolated as previously described in Bohórquez et al. (10) . Enteroendocrine cells were sorted into organoid culture media (listed above) plus 10 ng/ml NGF. Sorted cells were plated on 1% Matrigel coated 12-mm coverslips at a concentration of~5000 to 10,000 enteroendocrine cells per coverslip. Nodose neurons were dissected and incubated with Liberase (Roche) digestion enzyme. Neurons in media were plated evenly on up to eight coverslips with enteroendocrine cells. Patch-clamp electrophysiology was performed 2 to 5 days after plating.
Immunohistochemistry
Immunohistochemistry was performed as previously described in Bohórquez et al. 
Real-time quantitative PCR
RNA from CckGFP-positive and -negative epithelial cells was extracted based on the manufacturer's protocol using the RNeasy Micro Plus Kit (Qiagen #74034). Then cDNA was produced per manufacturer's protocol using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems #4368814). TaqMan probes used are listed in supplemental materials. Real-time qPCR was run on a StepOnePlus System (Thermo Fischer), using TaqMan Fast Universal PCR Master Mix (Applied Biosystems #4352042) according to the manufacturer's protocol. Transcription rate was determined as 2 -DCt , or compared as foldchange over GFP negative epithelial cells using 2 -DDCt . All values are reported as mean ± SEM.
Electrophysiology
Enteroendocrine cells and nodose neurons were cocultured as described above. Recordings were carried out at room temperature using a MultiClamp 700B amplifier (Axon Instruments), digitized using a Digidata 1550A (Axon Instruments) interface, and pClamp software (Axon Instruments) for data acquisition. Recordings were made using borosilicate glass pipettes pulled tõ 3.5 MW resistance. Extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, pH 7.4 (300 to 305 mosmol). For voltage-clamp recordings, intracellular solution contained (in mM): 140 CsF, 10 NaCl, 0.1 CaCl2, 2 MgCl2, 1.1 EGTA, 10 HEPES, 10 sucrose (pH 7.25, 290 to 295 mosmol). For current-clamp recordings, intracellular solution contained (in mM): 140 KCl, 0.5 EGTA, 5 HEPES, 3 Mg-ATP, 10 sucrose (pH 7.25, 290 to 295 mosmol). Data are presented as the mean ± SEM, and significance was determined using a two-tailed Student's t test.
iGluSnFR-HEK cell and enteroendocrine cell coculture and imaging
CckCRE_tdTomato enteroendocrine cells were isolated as described above. Isolated cells were mixed with iGluSnFR-HEK cells at a ratio of 10:1, then plated on 1% Matrigel coated coverslips. Control iGluSnFR-HEK cells were plated alone. Cells were incubated for 12 to 18 hours before imaging. Coverslips were imaged using a multiphoton microscopy system (Bruker Ultima IV with a Chameleon Vision II tunable laser). Imaging series were analyzed using Fiji (it's just ImageJ), and cell traces were plotted with Excel.
Vagus nerve recording
Wild-type control (n = 5 to 9), CckCRE_ChR2-tdTomato (n = 6), CckCRE_Halo-YFP (n = 5), and Vglut1CRE_ChR2-YFP (n = 6) mice were used for vagal recordings. The cervical vagus was exposed in anesthetized mice and two platinum iridium wires (Medwire by Sigmund Cohn Corp) were looped around the vagus nerve for recording. A 20-gauge gavage needle was surgically inserted through the stomach wall and into the duodenum. Saline and stimulant tubes were connected to the gavage needle. For optogenetic experiments, a fiber optic cable (FT020, ThorLabs) was threaded through the gavage needle into the lumen of the duodenum. A perfusion exit incision was made 10 cm distal to the pyloric sphincter. During each recording, PBS was constantly perfused through the duodenum using a peristaltic pump (Cole-Parmer) at the lowest setting for a flow rate of~400 µl PBS per minute. For stimulus delivery, see extended methods in supplemental materials. Data acquisition: A differential amplifier and bandpass filter (1000× gain, 300-Hz to 5-kHz bandpass filter; A-M Systems LLC) was used and the signal was processed using a data acquisition board and software (20-kHz sampling rate; Signal Express, National Instruments Corp). The raw data was analyzed using a spike sorting algorithm (MATLAB by MathWorks). Spikes were detected using simple threshold detection based on RMS noise. The firing rate was calculated using a Gaussian kernel smoothing algorithm (200-ms time scale). Statistical Methods: Stimulation response was quantified as the maximum firing rate after stimulation (stimulant conditions) or during recording (baseline). Time to peak was calculated as time from start of stimulus to maximum firing rate. Area under the curve was calculated as area under the curve for the entire 6-min recording. Maximum firing rate, time to peak, and area under curve are analyzed across genotype, stimulation condition, and their interaction term by ANOVA, followed by Tukey HSD post hoc testing (JMP by SAS Institute). 
